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ABSTRACT 16 
 17 
Raman spectrum of callaghanite, Cu2Mg2(CO3)(OH)6·2H2O, was studied and compared with 18 
published Raman spectra of azurite, malachite and hydromagnesite. Stretching and bending 19 
vibrations of carbonate and hydroxyl units and water molecules were tentatively assigned. 20 
Approximate O-H...O hydrogen bond lengths were inferred from the spectra. Because of high 21 
content of hydroxyl ions in the crystal structure in comparison with low content of carbonate 22 
units, callaghanite should be better classified as a carbonatohydroxide than a 23 
hydroxycarbonate.     24 
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Introduction 30 
 31 
Copper basic carbonate minerals are characteristic products of weathering at copper 32 
deposits. Their origin is usually connected with impact of underground water enriched with 33 
carbonate ions on copper minerals in the upper parts of oxide zone of ore deposits [1]. The 34 
study of these minerals is also very important because of the determination of possibility of 35 
releasing of potentially dangerous copper in the environment in the surrounding ore deposits 36 
and not least some of these minerals were found as part of colours of mediaeval art works 37 
(e.g. [2-3].   38 
 39 
The mineral callaghanite was first described [4] from occurrence Gabbs, Nye County, 40 
Nevada, U.S.A. These authors described the occurrence of callaghanite and gave its physical 41 
properties, determined the unit-cell dimensions and proposed the ideal formula 42 
Cu4Mg4Ca(OH)14(CO3)2·2H2O. Subsequently, its crystal structure was determined and new 43 
structural formula was proposed as Cu2Mg2(CO3)(OH)6 ·2H2O; previously given calcium  44 
content were probably caused by admixed calcite in the analysed samples [5]. Crystal 45 
structural analysis of callaghanite was refined by Brunton [6-7]. At a later time, callaghanite 46 
was also found at the occurrences Lobminggraben, Kraubath, Austria [8], Mt. Ramazzo mine, 47 
Borzoli, Italy [9] and also as a weathering product on historical slags in the region Varenna 48 
Valley, Liguria, Italy [10] and Helbra, Saxony-Anhalt, Germany [11]. Raman spectrum of 49 
callaghanite was published in the RRUFF’s data base (callaghanite R050598) without any 50 
resolution of band wavenumbers and assignment. 51 
 52 
The aim of this paper is to report the Raman spectra of well-defined natural Cu-Mg 53 
carbonate mineral, callaghanite, and to relate the spectra to the molecular and the crystal 54 
chemistry of this rare carbonate mineral. The paper follows the systematic research of the 55 
large group of supergene minerals [12-16], and especially molecular structure of minerals 56 
containing oxyanions using IR and Raman spectroscopy [17-19]. 57 
 58 
EXPERIMENTAL 59 
 60 
Mineral 61 
The studied sample of the mineral callaghanite consisting of dark azure blue 62 
crystalline crusts were found in the Gabbs occurrence, Nye Co., Nevada, U.S.A. A hand-63 
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picked sample was used for X-ray powder diffraction experiment. To minimize the 64 
complicated shape of background, the sample studied was placed on a flat low-background 65 
silicon wafer. Powder XRD measurement of callaghanite was carried out with a HZG4/Arem 66 
diffractometer (50 kV, 40 mA) in the range 10-65o 2θ in the step-scan mode (0.05o/5 s) with 67 
CuKα radiation. The position and intensities of reflections were calculated using the Pearson 68 
VII profile shape function in the ZDS program package [20]. The measured patterns were 69 
indexed using theoretical pattern calculated from the crystal-structure data of callaghanite [6-70 
7]. The unit-cell parameters refined from measured powder XRD using the program of 71 
Burnham [21] are compared with published data in the Table 1. 72 
 73 
The callaghanite samples were quantitatively analysed by Cameca SX 100 electron 74 
microprobe system in wavelength dispersion mode for chemical composition. Studied sample 75 
was mounted into the epoxide resin and polished. The polished surface was coated with 76 
carbon layer 250 Å. An acceleration voltage of 15 kV, a specimen current of 20 nA, and a 77 
beam diameter of 5 μm were used. The raw intensities were converted to the concentrations 78 
using automatic PAP matrix correction software package. The H2O and CO2 contents were 79 
calculated from charge balance and theoretical contents of water molecules. The found 80 
chemical composition (Table 2) is in good agreement with data published by [6-7]; calcium 81 
contents given by [4] were not observed and therefore not confirmed. This agrees with the 82 
coclusions presented by [5]. On the basis of Cu+Mg+Pb+Zn+Fe = 4 apfu, empirical formulae 83 
of callaghanite may be expressed as (Cu1.99Fe0.01)Σ2.00Mg2.00(CO3)1.00(OH)6.00 . 2H2O. 84 
 85 
Raman spectroscopy 86 
 87 
Fragments of callaghanite were placed on a polished metal surface on the stage of an 88 
Olympus BHSM microscope, which is equipped with 10x, 20x, and 50x objectives. The 89 
microscope is part of a Renishaw 1000 Raman microscope system, which also includes a 90 
monochromator, a filter system and a CCD detector (1024 pixels). The Raman spectra were 91 
excited by a Spectra-Physics model 127 He-Ne laser producing highly polarised light at 633 92 
nm and collected at a nominal resolution of 2 cm-1 and a precision of ± 1 cm-1 in the range 93 
between 200 and 4000 cm-1. Repeated acquisition on the crystals using the highest 94 
magnification (50x) were accumulated to improve the signal to noise ratio of the spectra. 95 
Spectra were calibrated using the 520.5 cm-1 line of a silicon wafer. Previous studies by the 96 
authors provide more details of the experimental technique. Alignment of all crystals in a 97 
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similar orientation has been attempted and achieved. However, differences in intensity may 98 
be observed due to minor differences in the crystal orientation.   99 
 100 
Spectral manipulation such as baseline correction/adjustment and smoothing were 101 
performed using the Spectracalc software package GRAMS (Galactic Industries Corporation, 102 
NH, USA). Band component analysis was undertaken using the Jandel ‘Peakfit’ software 103 
package that enabled the type of fitting function to be selected and allows specific parameters 104 
to be fixed or varied accordingly. Band fitting was done using a Lorentzian-Gaussian cross-105 
product function with the minimum number of component bands used for the fitting process. 106 
The Gaussian-Lorentzian ratio was maintained at values greater than 0.7 and fitting was 107 
undertaken until reproducible results were obtained with squared correlations of r2 greater 108 
than 0.995.  109 
 110 
RESULTS AND DISCUSSION 111 
 112 
Crystal symmetry and vibrational spectra of callaghanite 113 
 114 
In the asymmetric part of the monoclinic (space group P2/c = C42h, Z=4) callaghanite 115 
unit-cell [6-7], there are one symmetrically distinct Cu2+, Mg2+, (CO3)2- and H2O, and three 116 
symmetrically distinct (OH)- units. The (CO3)2- group is bonded only to Mg atoms, and one 117 
oxygen of this group is not bonded to either Mg or Cu, but is hydrogen bonded to water 118 
molecules. Each Cu atom has four hydroxyls as nearest neighbours at the corners of a slightly 119 
puckered trapezium. Water molecule is at the apex of an askew pyramid which has the 120 
trapezium as its base. This pyramid encloses the copper atom. Each Mg atom has six nearest 121 
neighbours which are an oxygen atom, a water molecule, and four hydroxyls. Two oxygen 122 
atoms of the carbonate group are shared with two Mg atoms, while the third oxygen atom is 123 
shared by hydrogen bonds with two water molecules. Because of the relatively high content 124 
of hydroxyls, the mineral may be understood and classified as carbonatohydroxide than 125 
hydroxycarbonate. Callaghanite crystal structure is unique and has no direct analogy with 126 
other known natural and synthetic copper or calcium basic carbonates. 127 
 128 
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Raman spectra of similar monoclinic minerals azurite, [Cu3(CO3)2(OH)2] and 129 
malachite, [Cu2(CO3)(OH)2] [22], and hydromagnesite Mg5[(CO3)4(OH)2].4H2O [23-25] are 130 
used for comparison. Factor group analysis of azurite and malachite was presented by [22]. 131 
 132 
According to Nakamoto [26], the free carbonate ion (CO3)2- with the D3h symmetry, 133 
exhibits following four normal vibrational modes: the 1 symmetric stretching vibration A1’ 134 
(Raman active), the 2 () out-of-plane bending vibration A2’’ (infrared active), the 3 doubly 135 
degenerate antisymmetric stretching vibration E’ (Raman and infrared active) and the 4 () 136 
doubly degenerate in-plane bending vibration E’’. Related bands occur at 1063, 879, 1415 137 
and 680 cm-1, respectively. Carbonate ions can give mono- and bidentate complexes with 138 
metal cations, where the symmetry is lowered from D3h e.g. to C2v which is connected with 139 
the loss of degeneration and activation of vibrations in Raman and infrared spectra and 140 
splitting of degenerate vibrations. According to Jolivet et al. [27], the magnitude of the 141 
splitting of vibrational bands of the 3 (CO3)2- antisymmetric stretching vibrations depends 142 
upon coordination (a) from both the oxyanion polarization and strength of metal cation-143 
oxygen bonding, and (b) is higher for the bidentately bonded than for the monodentately 144 
bonded carbonate ions for a given strength of metal cation – oxygen bond and given amount 145 
of oxyanion polarization. Frost [25] suggests that at hydromagnesite strong Raman bands 146 
appear around 1100 cm-1 is connected with the 1 (CO3)2- symmetric stretching vibrations, 147 
while intense infrared and weak Raman bands near 1400 cm-1 are due to the doubly 148 
degenerate 3 (CO3)2- antisymmetric stretching vibrations. Infrared bands in the region of 800 149 
cm-1 are derived from the 2 (CO3)2- out-of-plane bending vibrations and infrared and Raman 150 
bands around 700 cm-1 from the doubly degenerate 4 (CO3)2- in-plane bending vibrations.       151 
 152 
Raman spectroscopy 153 
 154 
The obtained Raman spectrum of the studied callaghanite is presented in Fig. 1. A 155 
detailed description with assignments is given in the Table 3, and discussed further in the 156 
following section.   157 
 158 
 Bands at 3620, 3575, 3564, 3511, 3502, 3375 and 3350 cm-1 (Fig. 2) are assigned to 159 
the  OH stretching vibrations of three symmetrically distinct hydroxyls, present in the 160 
structure of callaghanite. O-H...O hydrogen bond lengths inferred from the observed 161 
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wavenumbers with Libowitzky’s empirical relation [28] vary in the range from 162 
approximately >3.2 to ~2.78 Å. Bands at 3040 and 2906 cm-1 are attributed to the  OH 163 
stretching vibrations of water molecules. Calculated O-H...O hydrogen bond lengths 2.67 and 164 
2.64 Å are in excellent agreement with the hydrogen bond length 2.64 Å for two water 165 
molecules hydrogen bonded with one oxygen atom of the carbonate group [5]. Raman 166 
spectrum of azurite displays an intense sharp complex band ad 3453 cm-1, which may be 167 
resolved into an additional low-intensity component at 3427 cm-1. Corresponding bands in 168 
malachite spectrum were observed at 3468 and 3424 cm-1. These bands are assigned to the  169 
OH stretching vibrations of hydroxyl ions and confirmed by hydroxyl-stretching bands in the 170 
infrared spectra of azurite and malachite. The non-equivalence of hydroxyl ions in the 171 
structure of azurite and malachite was confirmed [22]. In the Raman spectrum of 172 
hydromagnesite, an intense band at 3516 cm-1 with a second band at 3447 cm-1 was observed 173 
and also attributed to the  OH stretching vibration of hydroxyl ions. Because of the strong 174 
asymmetry on the low wavenumber side, an additional band was resolved at 3416 cm-1. 175 
Intense infrared bands at 3430, 3446 and 3511 cm-1 are assigned also to the OH stretching 176 
vibrations of hydroxyl ions. An intense infrared band at 2940 cm-1 was assigned to the OH 177 
stretching vibration of water molecules [25].   178 
 179 
The doubly degenerate 3 (CO2)2- antisymmetric stretching vibration is connected 180 
with the band at 1398 cm-1 (Fig. 3), while the band at 1087 cm-1 (Fig. 4) with the 1 (CO3)2- 181 
symmetric stretching vibration. Raman bands at 1578, 1483, 1463, 1435, 1415, 1389 and 182 
1383 cm-1 (azurite), at 1492 cm-1 (malachite), and 1520, 1490 and 1451 cm-1 183 
(hydromagnesite) are assigned to the doubly degenerate 3 (CO3)2- antisymmetric stretching 184 
vibrations [22,25]. Raman bands at 1095 cm-1 (azurite), 1101 and 1058 cm-1 (malachite) and 185 
1121 cm-1 are attributed to the 1 (CO3)2- symmetric stretching vibrations. 186 
 187 
 Bands at 1013, 961, 944 and probably also at 871 cm-1 (Fig. 4) are assigned to the  188 
M2+-OH out-of-plane bending vibrations, however, this latter band may be connected with 189 
the 2 (CO3)2- bending vibrations. Infrared bands observed in this region in the case of 190 
azurite, malachite and hydromagnesite are in agreement with this assignment [29,30].  Bands 191 
at 871 and 840 cm-1 are attributed to the 2 () (CO3)2- bending vibrations and those at 749, 192 
708 and 688 cm-1 (Fig. 4) with the 4 () (CO3)2- bending vibrations. The band at 688 cm-1, 193 
however, may be related to the water molecule libration mode. Frost [22] observed two 194 
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Raman bands at 834 and 816 cm-1 (azurite) and only one Raman band at 817 cm-1 195 
(malachite). Frost assigned in azurite these bands to the out-of-phase and in-phase bending 196 
modes of the carbonate units, and respected the presence of only one band in this region in 197 
malachite. Two Raman bands at 765 and 739 cm-1 (azurite) and 765 and 719 cm-1 (malachite) 198 
were assigned to the doubly degenerate 4 () (CO3)2- bending vibrations. In the case of the 199 
Raman spectrum of hydromagnesite, Frost [25] observed in this spectra region a series of 200 
overlapping bands at 758, 753, 716 708 cm-1 which were assigned also to the 4 () (CO3)2- 201 
bending vibrations. Some Raman bands (708, 699, 673, 655 and 644 cm-1) in hydromagnesite 202 
were attributed by [25] to the 4 () (HCO3)- bending modes. This attribution, however, does 203 
not seem to be correct. These bands may be connected with libration modes of hydroxyls and 204 
water molecules.     205 
 206 
 Bands at 517, 459, 445, 395, 380 and 350 cm-1 (Fig. 5) are attributed to the  M2+ OH 207 
stretching vibrations, bands at 499 and 481 cm-1 to the  M2+-O stretching vibrations. Bands 208 
at 336, 283, 277, 252, 218, 211, 160, 121 and 100 cm-1  (Fig. 6) are related to the  O-M2+-209 
OH bending vibrations. Bands at 195, 147, 141 and 127 cm-1 are assigned to the  HO-M2+-210 
OH bending vibrations. Interpretation of the Raman spectra of azurite, malachite and 211 
hydromagnesite in the region of wavenumbers lower than 600 cm-1 [22,25] and infrared 212 
spectra of azurite and malachite [29] and hydromagnesite [30] are comparable with the 213 
Raman spectrum of callaghanite, presented in this paper.     214 
 215 
CONCLUSIONS 216 
 217 
(a) Raman spectrum of a copper and magnesium containing carbonatohydroxide callaghanite, 218 
Cu2Mg2(CO3)(OH)6.2H2O, was studied and interpreted. 219 
 220 
 (b) Stretching and bending vibrations of carbonate ions, hydroxyl ions and water molecules 221 
were inferred from the Raman spectrum and tentatively assigned.  222 
 223 
 (c) Approximate O-H...O hydrogen bond lengths were inferred from the Raman spectrum 224 
with Libowitzky’s empirical relation [28]. These values are in agreement with X-ray crystal 225 
structure analysis [5].  226 
 227 
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(d) The presence of symmetrically (structurally) distinct hydroxyls in the structure of 228 
callaghanite which was inferred from the Raman spectrum agrees with the crystal structure 229 
analysis of this mineral presented by [5-7].   230 
 231 
 (e) Observed Raman spectrum of callaghanite was compared with published Raman spectra 232 
of azurite, Cu3(CO3)2(OH)2, malachite, Cu2(CO3)(OH)2, and hydromagnesite, 233 
Mg5(CO3)4(OH)2.4H2O [22,25]. 234 
 235 
 (f) Because of high number of hydroxyl ions in comparison with the low number of 236 
carbonate units observed in the structure of callaghanite, callaghanite should be better 237 
classified as a carbonatohydroxide than hydroxycarbonate.       238 
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Callaghanite - Tables 322 
 323 
 324 
Table 1 Unit-cell parameters of callaghanite for monoclinic space group P2/c. 325 
 326 
 this paper [4] [6] 
a [Å] 10.007(4) 10.06(4) 10.0060(7)
b [Å] 11.762(4) 11.80(3) 11.7520(8)
c [Å] 8.216(4) 8.24(3) 8.2132(7)
β [o] 107.43(3) 107.3(5) 107.383(1)
V [Å3] 922.6(7) 933.5 921.7
 327 
 328 
 329 
330 
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Table 2 Chemical composition of callaghanite (wt. %) 331 
 332 
 this paper    ideal1 [4] [5]
 mean range 
CuO 41.28 39.84 - 42.63 42.56 38.27 41.2
MgO 21.01 20.09 - 21.43 21.57 20.86 23.4
CaO 0.00    8.89 0
PbO 0.04 0.00 - 0.16 
ZnO 0.01 0.00 - 0.03 
FeO 0.11 0.00 - 0.50 
CO2 11.47    11.77 11.46 11.20
H2O 23.46    24.10 20.51 22.39
total 97.37    100.00 99.99 98.29
mean and range for 5 point analyses 333 
1 theoretical composition calculated from the ideal formula Cu2Mg2(CO3)(OH)6 .2H2O 334 
 335 
336 
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Table 3 Results of the Raman spectrum of callaghanite (cm-1) 337 
 338 
 Å b) assignment a) 
3620 >3.2  OH stretch (hydroxyls) 
3575 3.1  OH stretch (hydroxyls) 
3564 3.06  OH stretch (hydroxyls) 
3511 2.92  OH stretch (hydroxyls) 
3502 2.90  OH stretch (hydroxyls) 
3375 2.79  OH stretch (hydroxyls) 
3350 2.78  OH stretch (hydroxyls) 
3040 2.67  OH stretch (water molecules) 
2906 2.64  OH stretch (water molecules) 
1398  3 (CO3)2- antisymmetric stretch 
1087  1  (CO3)2- symmetric stretch 
1013   M2+-OH out-of-plane bend 
961   M2+-OH out-of-plane bend 
944   M2+-OH out-of-plane bend 
871  2 () (CO3)2- bend 
840  2 () (CO3)2- bend 
749  4 () (CO3)2- bend 
708  4 () (CO3)2- bend 
688  4 () (CO3)2- bend or water libration mode 
517   M2+-OH stretch 
499   M2+-O stretch 
481   M2+-O stretch 
459   M2+-OH stretch 
445   M2+-OH stretch 
395   M2+-OH stretch 
380   M2+-OH stretch 
350   M2+-OH stretch 
336   O-M2+-OH bend 
16 
 
283   O-M2+-OH bend 
277   O-M2+-OH bend 
252   O-M2+-OH bend 
218   O-M2+-OH bend 
211   O-M2+-OH bend 
195   HO-M2+-OH bend 
160   O-M2+-OH bend 
147   HO-M2+-OH bend 
141   HO-M2+-OH bend 
127   HO-M2+-OH bend 
121   O-M2+-OH bend 
100   O-M2+-OH bend 
 339 
Note:  340 
 341 
(a) tentative assignment of the callaghanite spectra was made on the basis of papers by 342 
[22,29-31]. 343 
(b) O-H...O hydrogen bond lengths (Å) inferred from the wavenumber of observed  OH 344 
stretching vibrations on the basis of the paper by Libowitzky [28]. 345 
 346 
 347 
348 
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Callaghanite - Figures 349 
 350 
 351 
 352 
 353 
 354 
 355 
 356 
 357 
Figure 1 Raman spectrum of callaghanite from Nevada, USA, splitted at 1000 and 2200 cm-1. 358 
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 364 
Figure 2 Raman spectrum of callaghanite from Nevada, USA in the 2700 - 3700 cm-1 365 
region. 366 
 367 
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Figure 3 Raman spectrum of callaghanite from Nevada, USA in the 1300 - 1600 cm-1 370 
region. 371 
372 
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Figure 4 Raman spectrum of callaghanite from Nevada, USA in the 600 - 1200 cm-1 376 
region. 377 
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Figure 5 Raman spectrum of callaghanite from Nevada, USA in the 325 - 575 cm-1 382 
region. 383 
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Figure 6 Raman spectrum of callaghanite from Nevada, USA in the 75 - 325 cm-1 region. 389 
